Generation of Gaussian Schell-model fields as mixtures of their coherent
  modes by Bhattacharjee, Abhinandan et al.
ar
X
iv
:1
80
8.
08
77
4v
1 
 [p
hy
sic
s.o
pti
cs
]  
27
 A
ug
 20
18
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Gaussian Schell-model fields are examples of spatially partially coherent fields, which in recent
years have found several unique applications. The existing techniques for generating Gaussian Schell-
model (GSM) fields are based on introducing randomness in a spatially completely coherent field and
are limited in terms of control and precision with which GSM fields can be generated. In contrast,
we demonstrate an experimental technique that is based on the coherent mode representation of
GSM fields. By generating individual coherent modes and mixing them in proportion fixed by their
coherent mode representation, we experimentally demonstrate generation of several GSM fields.
Since our technique involves only mixing of coherent eigenmodes and does not involve introducing
randomness from outside, it provides much better control and precision with which GSM fields with
a given set of parameter could be generated.
I. INTRODUCTION
Spatially partially coherent fields have been exten-
sively studied in the past few decades, and among such
fields, the Gaussian Schell-model (GSM) field has been
the most important [1–6]. This is because GSM fields
are widely used in theoretical models due to their simple
functional form and have found several unique applica-
tions in areas including free space optical communication
[7, 8], ghost imaging [9, 10], propagation through random
media and atmospheric conditions [11–13] particle trap-
ping [14], and optical scattering [15].
A GSM field is characterized by a Gaussian transverse
intensity profile and a Gaussian degree of coherence func-
tion. The widths of these Gaussian functions are the
parameters that characterize a given GSM field. There
are several experimental techniques for generating GSM
fields [16–23]. In all these techniques, partial spatial co-
herence is generated by introducing randomness in a spa-
tially completely coherent Gaussian beam and then by
ensuring that the transverse intensity profile of the ran-
domized field stays Gaussian. The most common way in
which randomness is introduced is by using a rotating
ground glass plate (RGGP), which adds random phases
to an incoming Gaussian beam at different spatial loca-
tions. As a result, the perfect spatial correlation of the
incoming field gets reduced to a Gaussian correlation.
The degree of this reduction depends on the details of
the RGGP. The other ways of introducing randomeness
are based on using either an acousto-optic modulator or
a spatial light modulator (SLM). [24–26]. Although the
above mentioned experimental techniques ensure that the
transverse intensity as well as the degree of coherence of
the generated field are Gaussian functions, these tech-
niques are in fact limited in terms of precision and control
with which a GSM field with a given set of parameters
could be generated. Therefore, an efficient experimental
technique for generating GSM fields with precise con-
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trol is still wanting. In this article, we demonstrate just
such a technique, which, in contrast to the above men-
tioned techniques, does not involve introducing random-
ness from outside.
Our technique is based on the coherent mode represen-
tation of GSM fields [27]. The coherent mode representa-
tion is the way of describing a spatially partially coherent
field as a mixture of several spatially completely coher-
ent modes. The relative strengths of individual coherent
modes in the mixture decide the parameters that char-
acterize the field. Therefore, by first producing different
coherent modes of a GSM field and then mixing them in
proportion fixed by the coherent mode representation, a
GSM field with any given set of parameters can be gener-
ated with precision. We demonstrate experimental gen-
eration of several GSM fields with varying parameters.
We characterize them by measuring their cross-spectral
density function and find very good agreement between
the theory and experiments.
II. THEORY
A. Gaussian Schell-model field as a mixture of its
constituent coherent modes
A. Starikov and E. Wolf first worked out the coher-
ent mode representaiton of Gaussian Schell-moeld beams
[27]. Although this calculation was for a one-dimensional
GSM field, we present below the coherent mode represen-
tation of two-dimensional GSM fields. The cross spectral
density of a GSM field is given by
W (ρ1,ρ2) =
√
I(ρ1)I(ρ2)µ(ρ1 − ρ2), (1)
with
I(ρ1) = A
2 exp
[
− ρ
2
1
2σ2s
]
, I(ρ2) = A
2 exp
[
− ρ
2
2
2σ2s
]
and µ(ρ1 − ρ2) = exp
[
− (∆ρ)
2
2σ2g
]
2where ρ1 ≡ (x1, y1), ρ2 ≡ (x2, y2), ρ1 = |ρ1|, ρ2 =
|ρ2|, ∆ρ = |ρ1 − ρ2|, and A is a constant. I(ρ1) is the
intensity at point ρ1 with σs being the rms width of the
beam, and µ(ρ1 − ρ2) is the degree of spatial coherence
between points ρ1 and ρ1, with σg being the rms spatial
coherence width of the beam. The cross-spectral density
function W (ρ1,ρ2) of a GSM field is written in terms of
its coherent mode representation as [27]:
W (ρ1,ρ2) =
∑
m
∑
n
λmnWmn(ρ1,ρ2)
=
∑
m
∑
n
λmnφ
∗
mn(ρ1)φmn(ρ2) (3)
where λmn are the eigenvalues and the φmn(ρ) are the
normalized eigenfunctions of the homogeneous Fredholm
integral equation
∫
W (ρ1,ρ2)φmn(ρ1)d
2
ρ1 = λmnφmn(ρ2), (4)
with the integration extending over the transverse dimen-
sions. Following Ref. [27], we write Eq. (3) as
W (ρ1,ρ2)→W (x1, y1, x2, y2)
=
∑
m
∑
n
λmnφ
∗
mn(x1, y1)φmn(x2, y2) (5)
where
λmn = A
2
(
pi
a+ b+ c
)(
b
a+ b+ c
)(m+n)
,
φmn(x, y) =
(
2c
pi
) 1
2 1√
2m+nm!n!
×Hm(x
√
2c)Hn(y
√
2c)e−c(x
2+y2),
a =
1
4σ2s
, b =
1
2σ2g
, c = (a2 + 2ab)1/2, (6)
and Hm(x) are the Hermite polynomials. Substituting
σg/σs = q, we write λmn as
λmn = λ00
[
1
(q2/2) + 1 + q[(q/2)2 + 1]1/2
](m+n)
. (7)
The quantity q is a measure of the “global degree of co-
herence” of the field. For fixed σs, higher values of q
imply higher values for the degree of spatial coherence.
The coherent mode representation of Eq. (5) implies that
a GSM field can be thought of as a mixture of spatially
completely coherent eigenmodes φmn(x, y) added in pro-
portion given by the eigenvalues λmn. Therefore, in or-
der to generate GSM fields, one needs to generate the
spatially completely coherent eigenmodes φmn(x, y) and
then mix them together in λmn proportion.
In what follows, we take the eigenvalues λmn to be nor-
malized, that is,
∑
mn λmn = 1. For a normalized eigen-
spectrum, the coherent mode representation of Eq. (5)
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FIG. 1: (color online) Theoretical plots of the normalized
eigenvalues λmn for three different values of the degree of
global coherence, namely, for q = 0.80, q = 0.50, and q = 0.25.
The value of c for all the fields is 1.34 mm−2.
has only q and c as free parameters. The parameter
q decides the exact proportion λmn of the eigenmodes
φmn(x, y) while the parameter c decides the overall trans-
verse extent of the field. Thus we find that by control-
ling q and c one can generate any desired GSM field with
very precise control. Figure 1 shows the theoretical plots
of normalized eigenvalues for three different values of q,
namely, q = 0.8, q = 0.5, and q = 0.25. We find that as
q becomes smaller the eigenspectrum becomes broader,
that is, in order to generate GSM fields with smaller
global degree of coherence one requires to mix together
a larger number of eigenmodes φmn(x, y).
B. Measuring Gaussian Schell-model fields
For measuring the cross-spectral density of the gen-
erated Gaussian Schell-model field, we use the measure-
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FIG. 2: (color online) Schematic of the experimental setup.
(a) Generation of GSM fields using a Gaussian field from a He-
Ne laser. The SLM converts the incident Gaussian field into
different eigenmodes φmn(x, y) in a sequential manner and the
strength λmn of each eigenmode in the sequence is controlled
by the time a particular eigenmode is generated by the SLM.
(b) Schematic of the experimental setup for measuring the
cross-spectral density function using the two-shot technique of
Ref. [28]. The wavefront reaching the detection plane from the
interferometric arm having lens gets inverted in both x and
y directions compared to the wavefront reacing the detector
plane from the other arm. In the above figure, we have SLM:
Spatial Light Modulator; BS: beam splitter; M: mirror; and
L: converging lens.
ment technique of Ref. [28]. This is a two-shot technique
and is the spatial analog of the technique [29] recently
proposed and implemented in the orbital angular mo-
mentum basis for measuring the angular coherence func-
tion [30]. This technique yields the cross-spectral density
function in a two-shot manner and involves wavefront-
inversion inside an interferomter. Figure 2(b) shows the
schematic diagram of the measurement technique. For a
GSM field input, the intensity Iout(ρ) at the output port
of the interferometer is given by [28].
Iout(ρ) = k1I(ρ) + k2I(−ρ)
+ 2
√
k1k2W (ρ,−ρ) cos δ. (8)
Here k1 and k2 are the scaling constants in the two arms
and δ is the overall phase difference between the two in-
terferometric arms; I(ρ) is the intensity of the GSM field
at point ρ and W (ρ,−ρ) is the cross spectral density of
the GSM field for the pair of points ρ and −ρ. Now, sup-
pose there are two output interferograms with intensities
I¯δcout(ρ) and I¯
δd
out(ρ) measured at δ = δc and δ = δd, re-
spectively. As worked out in Ref. [28], if the shot-to-shot
variation in the background intensity is negligible, the
difference ∆I¯out(ρ) = I¯
δc
out(ρ)− I¯δdout(ρ) in the intensities
of the two interferograms is given by
∆I¯out(ρ) = 2
√
k1k2(cos δc − cos δd)W (ρ,−ρ) (9)
We find that the difference intensity is proportional to the
cross-spectral density function W (ρ,−ρ). Using Eq. (2),
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FIG. 3: The intensity patterns corresponding to the ex-
perimentally generated eigenmodes φ11(x, y), φ44(x, y), and
φ77(x, y). Theoretically expected intensity pattens for the
three modes are also shown.
we get
W (ρ,−ρ)→W (2ρ) =W (2x, 2y)
= A2 exp
[
− (2ρ)
2
8σ2s
]
exp
[
− (2ρ)
2
2σ2g
]
. (10)
Therefore, we have
∆I¯out(ρ) ∝W (2ρ), (11)
that is, the difference intensity ∆I¯out(ρ) is proportional
to W (2ρ). Thus, we have that by measuring the differ-
ence intensity the cross-spectral density function W (2ρ)
can be directly measured without having to know k1, k2
and δ precisely.
III. EXPERIMENTAL RESULTS
A. Generation of Gaussian Schell-model fields
Figure 2 shows the schematic of our experimental setup
in which Fig. 2(a) shows the setup for generating the
GSM field using a Gaussian field and Fig. 2(b) shows the
setup for measuring the cross-spectral density function in
a two-shot manner [28]. The Gaussian field from a 5-mW
He-Ne laser is made incident on a Holoeye Pluto spatial
light modulator (SLM), and an appropriate phase pat-
tern is displayed on the SLM in order to generate a given
eigenmode at the detection plane of the CCD camera.
In particular, the SLM is programmed to generate differ-
ent eigenmodes φmn(x, y) using the Arrizon method [31].
Figure 3 shows the measured intensity profiles of three
generated eigenmodes: φ11(x, y), φ44(x, y), and φ77(x, y).
In the figure, we also plot the theoretically expected in-
tensity profiles of the three eigenmodes. We find a very
good match between the theory and experiments. Now,
in order to produce a GSM field with a given eigenspec-
trum λmn, we need to produce a mixture of different
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FIG. 4: (color online) Plots of the intensity and the cross-spectral density function of GSM fields with q = 0.8, q = 0.5,and
q = 0.25. For the three values of q, (a),(g) and (m) show the experimentally measured intensity profiles I(x, y) while (b),(h) and
(n) are the theoretical plots for the same set of parameters. (c),(i) and (o) are the plots of the one-dimensional cuts along the
x-direction of the theoretical and experimental intensity profiles. For the three values of q, (d),(j) and (p) are the experimentally
measured cross-spectral density functions W (2x, 2y) while (e),(k) and (q) are the theoretical cross-spectral density functions
for the same set of parameters. (f),(l) and (r) are the plots of the one-dimensional cuts along the x-direction of the theoretical
and experimental cross-spectral density functions.
eigenmodes with proportion given by λmn. This is done
in the following manner. First, the phase patterns cor-
responding to different eigenmodes are displayed on the
SLM in a sequential manner. The proportion λmn of each
mode is controlled by the time the phase pattern corre-
sponding to that mode is displayed on the SLM. Next,
the exposure time of the detection CCD camera is ad-
justed in such a manner that it collects all the generated
eigenmodes. We generate GSM fields for three different
values of q, namely, q = 0.8, q = 0.5, and q = 0.25. For
the three different values of q, we generate 10, 21, and 66
eigenmodes, respectively. The value of c in each case is
1.34 mm−2.
B. Measuring the cross-spectral density function
Each of the generated GSM fields, with q = 0.8,
q = 0.5, and q = 0.25, respectively, is made incident
on the interferometer in Fig. 2(b). For each field, we
measure its intensity as well as the cross-spectral density
function. For measuring the intensity profile, we block
the interferometric arm containing lens and record the in-
tensity at the CCD camera plane. Figures 4(a), 4(g) and
4(m) show the measured intensity profiles I(ρ) = I(x, y)
for the three values of q. The corresponding theoretical
intensity profiles are plotted in Figs. 4(b), 4(h) and 4(n),
respectively. The experimental and the theoretical plots
are both scaled such that the value of the most intense
pixel is equal to one. In order to compare our experi-
mental results with the theory, we plot in Figs. 4(c), 4(i)
and 4(o) the one-dimensional cuts along the x-direction
of the theoretical and experimental intensity profiles.
Next, we measure the cross-spectral density function.
For each value of q, we collect two interferograms, one
with δ = δc ≈ 0 and the other one with δ = δd ≈ pi.
These two interferograms are then subtracted to gener-
ate the difference intensity ∆I¯out(ρ), which is then scaled
such that the value of the most intense pixel in equal to
one. From Eq. (11), we have that the scaled difference in-
tensity ∆I¯out(ρ) is nothing but the scaled cross-spectral
density function W (2ρ) = W (2x, 2y). Figures 4(d),
4(j), and 4(p) show the experimentally measured cross-
spectral density functions for the three values of q while
Figs. 4(e), 4(k), and 4(q) show the corresponding theo-
retical cross-spectral density functions. Furthermore, in
order to get a better estimate of the match between the
theory and experiment, we take the one-dimensional cuts
of the theoretical and experimental cross-spectral den-
sity functions and plot them together in Figs. 4(f), 4(l),
and 4(r), for the three values of q. As expected from
5Eq. (7), we see that as the global degree of coherence
q decreases, the transverse width of the beam increases
while the width of the cross-spectral density function de-
creases. We find very good match between the theory
and experiment for each value of q. These results show
that using our method, which does not involve intro-
ducing randomness from outside, Gaussian Schell-model
fields can be generated with much better control and
precision. This fact was also highlighted in the recently
demonstrated technique for producing spatially station-
ary fields [32], in which it was shown that the technique
that does not involve introducing randomness from out-
side can have much better control for producing partially
coherent fields.
IV. CONCLUSION
In recent years, the spatially partially coherent fields
have found a lot of applications. Since several of these
applications are based on using Gaussian Schell-model
modes as the spatially partially coherent field, it has be-
come very important to generate these fields with pre-
cision and control. However, the existing techniques for
generating Gaussian Schell-model (GSM) fields are based
on introducing randomness in a spatially completely co-
herent fields and are limited in terms of control and preci-
sion. In this article, we have demonstrated an experimen-
tal technique for generating the GSM fields that is based
on their coherent mode representation. Since our tech-
nique does not explicitly involve introducing randomness
from outside, it provides much better control and pre-
cision with which GSM fields can be generated. Our
method can have important practical implications for
many applications that are based on utilizing spatially
partially coherent fields.
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